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molecule adsorption on the
mechanical properties of the graphene/aluminum
interface

Wei Wang, a Weiwei Xu,a Can Cui,b Fangfang Xia,b Tieqiang Gang*a and Lijie Chen*a

The graphene/aluminum (Gr/Al) interface plays a critical role in determining the mechanical properties of

Gr/Al composites. During fabrication and service, the adsorption of gas molecules at the interface can

significantly influence the mechanical properties. In this study, density functional theory (DFT) is

employed to simulate the adsorption of H2, O2 and CO2 at the Gr/Al interface and the associated

changes in electronic structure and mechanical properties are systematically investigated. The simulation

results reveal that O2 adsorption increases the interface binding energy but reduces the ideal strength,

owing to the pronounced resonance peaks formed between O-p orbitals and Al-p\C-p orbitals, which

destabilize the interface. H2 adsorption leads to direct interaction between H2 molecules and the

aluminum matrix, thereby affecting the interface mechanical performance. By contrast, CO2 adsorption

exhibits negligible interaction with the aluminum matrix, resulting in the integrity maintenance of the Gr/

Al interface with the highest ideal strength. Further analysis demonstrates that the elastic behavior of the

interface is mainly dominated by the aluminum matrix, whereas structural failure originates from the

fracture of the graphene structure.
1. Introduction

Graphene-reinforced aluminum matrix composites (Gr/Al)
exhibit outstanding properties such as low density, high
specic strength and a low coefficient of thermal expansion,
which render them promising candidates for applications in
advanced engineering elds including aerospace and automo-
tive industries.1–8 As a high-performance reinforcement phase,
graphene can substantially enhance the hardness, strength and
wear resistance of aluminum-based composites.9–15 The
mechanical properties of Gr/Al composites are largely governed
by the characteristics of the graphene–aluminum interface.16–18

However, during both fabrication and service, these materials
are oen exposed to various gaseous environments, where small
gas molecules may adsorb at or penetrate the interface region,
consequently affecting interfacial stability and mechanical
integrity. Due to its high surface activity, graphene readily
adsorbs small gas molecules,19–21 and such adsorption at the
interface can further modify the interfacial bonding, electronic
structure, and mechanical response of the composite. Recent
studies have further demonstrated that environmental gas
adsorption can signicantly inuence the structural stability
and surface chemistry of carbon-based materials, highlighting
the necessity of understanding gas–solid interactions in
iversity, Xiamen, 361000, China. E-mail:

University, Chongqing, 400074, China

08
practical service conditions.22,23 Direct experimental observa-
tion of small-molecule adsorption and its impact on the inter-
facial mechanics remains challenging, primarily due to the
limited spatial resolution of current characterization tech-
niques. In contrast, computational simulations offer an effec-
tive alternative for probing the atomic-scale structure and
mechanical behavior of interfaces.24–26

Among these, rst-principles calculations based on density
functional theory (DFT) have been widely applied to investigate
the adsorption characteristics for small molecules on graphene
or carbon nanotube surfaces,27–29 as well as the interfacial
properties of graphene/metal (Gr/M) composites.30–32 Further-
more, rst-principles approaches have proven to be powerful
tools for elucidating the intrinsic mechanical properties of
materials at the microscopic level. The interfacial bonding
strength and mechanical performance of composites are highly
sensitive to charge distribution, structural stability and local
chemical modications induced by dopants or adsorbed
species. Huang et al.30 reported that carbon vacancies and
silicon doping can alter the fracture energy and tensile strength
of the Gr/Al interface, highlighting the importance of uniform
charge distribution for interfacial stability. Polfus et al.33

demonstrated that oxygen atoms in Al–O–C bonds at the
alumina/graphene oxide interface yields a binding energy up to
0.8 eV, indicating high structural stability. Similarly, Liu et al.34

revealed that nitrogen (N), boron (B) and co-doping of N–B in
the Gr/Al interface disrupt C–C interactions in graphene while
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra08105j&domain=pdf&date_stamp=2025-12-19
http://orcid.org/0000-0002-0169-1064
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08105j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015059


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/1
1/

20
26

 6
:1

5:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
enhancing C–Al bonding near the dopant sites, thereby
improving interfacial adhesion strength.

In this work, the present study employs rst-principles
calculations to systematically investigate the adsorption
behaviors of H2, O2 and CO2 molecules on the Gr/Al interface
and elucidate their effects on the interfacial electronic proper-
ties, binding energy and in-plane ideal tensile strength. By
examining the electronic and mechanical responses under
various adsorption congurations, this study reveals the
microscopic mechanisms underlying interfacial strength
degradation and provides theoretical guidance for the design
and optimization of high-performance graphene/aluminum
composites capable of stable operation in compels gaseous
environments.
2. Computational methods and
models

First-principles calculations based on density functional theory
(DFT) are performed to investigate the adsorption behaviors of
H2, O2 and CO2 molecules on the graphene/aluminum (Gr/Al)
interface, as well as their effects on the electronic properties
and ideal tensile strengths of the interface. All simulations are
conducted using the Vienna Ab initio Simulation Package
(VASP).35 The projector-augmented wave (PAW) pseudopotential
method is employed, and the Perdew–Burke–Ernzerhof (PBE)
form of the generalized gradient approximation (GGA) is used to
describe the exchange-correlation functional. To account for
long-range van der Waals interactions inadequately captured by
conventional GGA, the DFT-D3 dispersion correction
scheme36–38 is incorporated. The plane-wave energy cutoff is set
to 550 eV, and the Brillouin zone is sampled using a 9 × 9 × 3
Fig. 1 Side view (a) and top view (b) of the atomic structure of the Gr/Al in
(c) H2, (d) O2 and (e) CO2 molecules adsorbed on the Gr/Al interface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Monkhorst–Pack k-point mesh, which provides improved
numerical stability compared with G-point sampling in the
vacuum direction. The convergence criteria are set to 10−6 eV
for the total energy and 10−3 eV Å−1 for atomic forces. During
the tensile simulations, all atomic positions are fully relaxed
without any constraints.

The Gr/Al interface models are constructed from six atomic
layers of Al(111) and a single layer of Gr(0001). The face-
centered cubic (fcc) Al lattice constant is 4.04 Å, correspond-
ing to 2.86 Å for the Al(111) surface, while the lattice constant of
Gr(0001) is 2.47 Å. In constructing the interface, the in-plane

lattice parameter of the
ffiffiffi

3
p � ffiffiffi

3
p

Al(111) substrate is taken as
the reference, and the graphene layer is slightly strained (<2%)
to achieve commensurability. Aer the supercell is built, all
atomic positions are fully relaxed without imposing any
constraints on the atomic coordinates to obtain the energeti-
cally stable interface structure. A 15 Å vacuum layer is added
along the c-axis to eliminate spurious interactions between
periodic images.

Fig. 1(a) and (b) present the side and top views of the pristine
Gr/Al interfacial structure, respectively. The 18th Al atom (Al18)
is chosen as the adsorption site, and the gas molecules are
oriented along the graphene diagonal. This orientation is
applied only as the starting conguration; during structural
relaxation, no symmetry or rotational constraints are imposed,
and all atoms are fully free to adjust their positions and orien-
tations. This consistent initial placement ensures a uniform
comparison among different adsorbates without affecting the
relaxed adsorption geometries. The adsorption congurations
of H2, O2 and CO2 on the Gr/Al interface are denoted as Gr/Al–
H2, Gr/Al–O2 and Gr/Al–CO2, respectively, as shown in
Fig. 1(c)–(e). In all congurations, the gas molecules are initially
terface, and schematic representations of the atomic configurations of

RSC Adv., 2025, 15, 51198–51208 | 51199
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positioned at the midpoint between the graphene and
aluminum layers along the c-axis, directly above the Al18 atom.
The H2 and O2 molecules are aligned along the graphene
diagonal, while in the CO2 conguration, the carbon atom is
located vertically above Al18, with two oxygen atoms symmet-
rically distributed along the a-axis.

3. Results and discussion
3.1 Electronic properties

To investigate the effects of gas molecule adsorption on the
stability and electronic properties of the Gr/Al interface struc-
ture, the adsorption congurations are geometrically opti-
mized, and their charge density differences are analyzed. The
initial Gr/Al interface without gas molecule adsorption has
lattice constants of a = b = 4.95 Å, c = 29.72 Å, and angles a =

b = 90°, g = 120°. Adsorption of gas molecules at the interface
induces noticeable changes in molecular orientation and
interfacial spacing.

To optimized atomic congurations and charge density
difference plots of H2, O2 and CO2 molecules adsorbed on the
Gr/Al interface are shown in Fig. 2. In Fig. 2(a), the Gr/Al–H2 and
Gr/Al–CO2 systems exhibited signicant increases in interlayer
spacing aer optimization. In the Gr/Al–H2 structure, the H2

molecule retains its diagonal orientation relative to graphene,
whereas in the Gr/Al–CO2 structure, the two oxygen atoms
Fig. 2 Optimized (a) atomic configurations and (b) charge density differe
(iso-surface value: 0.005 e bohr−3; slice taken at the ab plane through t

51200 | RSC Adv., 2025, 15, 51198–51208
rotated from the initially symmetric alignment along the a-axis
to an orientation approximately along the graphene diagonal.
This behavior indicates that CO2 undergoes dissociative
adsorption at the interface, as reected by the bending of the
O–C–O angle and the distortion of the C–O bonds. Compared
with H2 and CO2 adsorption, which only slightly affects the
interfacial geometry, adsorption of O2 molecules causes
substantial distortion of the Al substrate layers, with oxygen
atoms almost embedding into the Al substrate, as shown in the
optimized Gr/Al–O2 conguration.

The corresponding charge density difference maps further
reveal the bonding characteristics among the interfacial atoms.
In Fig. 2(b), for the Gr/Al–H2 and Gr/Al–CO2 adsorption struc-
tures, the electron redistribution between the adsorbed gas
molecules and the C or Al atoms in the interface are negligible,
indicating a typical physisorption behavior. Consequently, the
adsorption of H2 and CO2 molecules has a minimal inuence
on the electronic properties of the interface. In contrast, for the
Gr/Al–O2 structure, adsorption of O2 induces signicant charge
transfer at the interface, with evident electron accumulation
around the oxygen atoms and electron depletion near the
aluminum atoms, leading to the formation of stable Al–O
bonds. This redistribution of electrons enhances the interfacial
bonding strength and modies the electronic characteristics of
the interface structures.
nce (CDD) maps of the Gr/Al interfaces with H2, O2 and CO2 adsorption
he C atom of CO2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Key physical parameters of the Gr/Al interface adsorption
structures

Models a/Å dGr–Al/Å Efermi/eV Wf/eV Eb/eV

Gr/Al–H2 4.95 5.81 2.65 4.23 −4.31
Gr/Al–O2 4.95 3.92 2.96 4.06 −7.79
Gr/Al–CO2 4.95 6.82 2.94 4.23 0.07
Gr/Al 4.95 3.89 2.65 3.91
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Table 1 summarizes the key physical parameters of the Gr/Al
interface structures with adsorbed H2, O2, and CO2 molecules.
The lattice constant a characterizes the in-plane geometric
dimensions of the interface structures within the ab-plane; the
interfacial spacing dGr/Al denotes the average vertical distance
along the c-axis between the graphene layer and the aluminum
atomic layers; the work function Wf represents the minimum
energy required for an electron to escape from the material
surface, dened as the difference between the vacuum electro-
static potential and the Fermi level; and the interfacial binding
energy Eb serves as a critical indicator for assessing the ther-
modynamic stability of the interface structure, which is:

Eb = EGr/Al–molecule − (EGr/Al + Emolecule) (1)

where EGr/Al–molecule is the total energy of the Gr/Al interface
structures with an adsorbed gas molecule; EGr/Al the energy of
the Gr/Al interface structures; Emolecule the energy of an isolated
gas molecule; Eb the interfacial binding energy. A negative value
of Eb indicates that the adsorption process is exothermic and
leads to a thermodynamically stable interface, whereas a posi-
tive value signies that the adsorption process is endothermic
and thermodynamically unfavorable, in which case the mole-
cule tends to desorb rather than form a stable adsorbed state.

Table 1 reveals that the lattice constant a of all three inter-
face adsorption structures remain unchanged at 4.95 Å, indi-
cating that gas adsorption does not induce signicant in-plane
distortion within the ab-plane. The initial Gr/Al interface
without gas adsorption exhibits an interfacial spacing dGr/Al of
3.89 Å. Upon gas adsorption, the interfacial spacing increase for
all threes systems. Among them, the Gr/Al–CO2 structure
exhibits the largest interfacial spacing of 6.82 Å, implying that
the interface is primarily governed by van der Waals interac-
tions. The Gr/Al–H2 interface shows a moderated interfacial
spacing of 5.81 Å, whereas the Gr/Al–O2 structure exhibits the
smallest interfacial spacing of 3.92 Å, only a 0.75% increase
Fig. 3 Band structures of the pristine Gr/Al interface and the interfaces

© 2025 The Author(s). Published by the Royal Society of Chemistry
compared to the pristine interface, accompanied by notable
lattice distortion within the aluminum substrate due to O2

adsorption.
Gas molecule adsorption generally raises the work function

(Wf) of the Gr/Al interface, reecting the inuence of adsorbed
molecules on surface electron distribution. The work functions
of the Gr/Al–H2 and Gr/Al–CO2 systems are both 4.23 eV, rep-
resenting an 8.74% increase relative to the pristine Gr/Al
interface (3.89 eV). In contrast, the Gr/Al–O2 interface exhibits
a smaller increase, with a work function of 3.92 eV (0.77%
higher). This trend indicates that variations in work function
are closely related to electronic redistribution at the interface
structures upon molecular adsorption. The adsorption of gas
molecules also affects the interfacial binding energy to different
extents. Among the three systems, the Gr/Al–O2 structure
possesses the lowest binding energy (−7.79 eV), suggesting the
strongest and most stable adsorption. The Gr/Al–H2 and Gr/Al–
CO2 structures shows binding energies of −4.31 eV and
+0.07 eV, respectively, indicating that O2 adsorption on the Gr/
Al interface is much more favorable than H2 or CO2 adsorption.
The positive binding energy of the Gr/Al–CO2 system suggests
that CO2 molecules tend to desorb or dissociation, making this
adsorption conguration thermodynamically unstable. These
observations indicate that gas-molecule adsorption modulates
the electronic properties of the Gr/Al interface in a species-
specic manner.

The band structure provides a direct reection of the elec-
tronic state distribution within a material and serves as an
intuitive means to reveal the evolution of the electronic states in
the Gr/Al interface structure following gas molecule adsorption.
It offers insight into changes in electronic characteristics near
the Fermi level, bandgap variations and orbital hybridization
effects, thereby enabling a deeper understanding of how gas
adsorption inuences the electronic properties of the Gr/Al
interface. The calculated band structures of the three inter-
face adsorption congurations, Gr/Al–H2, Gr/Al–CO2 and Gr/Al–
O2 are presented in Fig. 3. By comparing the band structures of
these systems, the adsorption characteristics of different gas
molecules and their corresponding effects on the interfacial
electronic properties are elucidated.

Fig. 3(b) and (d) depict the band structures of the Gr/Al–H2

and Gr/Al–CO2 interface structures, respectively. As previously
discussed in the analysis of interfacial parameters, both H2 and
CO2 molecules exhibit weak interactions with the Gr/Al inter-
face, indicative of physical adsorption without the formation of
with adsorbed (b) H2, (c) O2 and (d) CO2 molecules.

RSC Adv., 2025, 15, 51198–51208 | 51201
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Fig. 4 Density of states of the (a) pristine Gr/Al interface and the interfaces with adsorbed (b) H2, (c) O2 and (d) CO2 molecules.
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covalent bonds. This observation is further conrmed by their
band structures. The characteristic Dirac cone of graphene
remains intact aer H2 and CO2 adsorption, maintaining a zero-
bandgap feature at the K-point. No bandgap opening or new
electronic states appear near the Fermi level, indicating that the
p-electron network of graphene is essentially unperturbed and
that the intrinsic electronic characteristics of the Gr/Al interface
remain unaltered by the weak adsorption of H2 and CO2

molecules.
In contrast, Fig. 3(c) shows the band structure of the Gr/Al–

O2 interface, where O2 adsorption induces pronounced modi-
cations. Due to the high electron affinity of the O2 molecule, it
nearly embeds into the Al substrate of the Gr/Al interface,
resulting in signicant charge transfer and the formation of C–
O–Al bonds. Consequently, the intrinsic electronic properties of
graphene are strongly perturbed. The band structure reveals
that the linear dispersion at the K-point is disrupted, the Dirac
cone disappears and the zero-bandgap feature vanishes. A
distinct bandgap emerges, indicating that O2 adsorption not
only redistributes charge density across the interface but also
triggers orbital hybridization and band structure reconstruc-
tion. These changes substantially affecting the electronic
Fig. 5 Stress–strain curves of the pristine Gr/Al, Gr/Al–H2, Gr/Al–O2 and
the (a) xy-, (b) x- and (c) y-directions.

51202 | RSC Adv., 2025, 15, 51198–51208
properties of the interface. Accordingly, the electronic behavior
of the Gr/Al interfaces exhibits marked molecule-dependent
variability.

The density of states (DOS) provides valuable insight into the
electronic states distribution of a system and the contributions
of individual atomic orbitals. To further investigate the inu-
ence of gas molecule adsorption on the electronic properties of
the Gr/Al interfaces, the DOS proles of the three adsorption
congurations, Gr/Al–H2, Gr/Al–CO2 and Gr/Al–O2 are calcu-
lated and shown in Fig. 4. The plots include the DOS of the
graphene layer (Gr), the adsorbedmolecules (H2, O2 or CO2), the
interfacial Al atomic mono-layer (Al) and the total DOS of the
entire interface structures.

In the Gr/Al–H2 and Gr/Al–CO2 structures, the electronic
states of H2 and CO2 molecules are distributed within the
energy range of −20 eV to 0 eV. Notably, CO2 also exhibits
a secondary peak at approximately−25 eV. The DOS peaks of H2

around −8 eV and those of CO2 near −8 eV and −25 eV, and
their DOS peaks show no signicant overlap with those of C or
Al atoms. This indicates a low degree of orbital hybridization
between the adsorbed molecules and the interfacial atoms,
suggesting that the adsorption is dominated by van der Waals
Gr/Al–CO2 interfacial adsorption structures under tensile loading along

© 2025 The Author(s). Published by the Royal Society of Chemistry
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interactions and can be characterized as physical adsorption.
Consequently, the intrinsic electronic properties of the Gr/Al
interface remain essentially unaltered. In contrast, for the Gr/
Al–O2 absorption structure, the DOS of the O2 molecule exhibits
a pronounced peak near −20 eV, where the O-s orbital overlaps
with the secondary peak of the Al-s orbitals, forming distinct
resonance peaks that reect orbital coupling effects. This
orbital hybridization implies that O2 adsorption strengthens
interfacial bonding while simultaneously modifying the elec-
tronic characteristics of the Gr/Al interface.

3.2 Mechanical properties analysis

The mechanical properties of materials can be characterized by
stress–strain curves, from which the ultimate tensile strength,
fracture strain and fracture mode can be obtained. These curves
also reveal the deformation mechanisms of the interface
structures during tensile loading and help elucidate the
strengthening or weakening effects induced by molecular
adsorption. To evaluate the effect of gas molecule adsorption on
the mechanical properties of the Gr/Al interface, ideal in-plane
tensile simulations are performed for the three adsorption
systems, H2, O2 and CO2 within the ab-plane, and compared
with the pristine Gr/Al interface, which exhibits an ideal tensile
strength of approximately 45 N m−1 in all directions. In Fig. 5,
the stress–strain curves are obtained for biaxial tension (along
Fig. 6 Atomic configurations of the (a)–(c) Gr/Al–H2, (d)–(f) Gr/Al–O2

loading along the xy-, x- and y-directions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
the xy-direction), uniaxial tension along the x-direction (zigzag
direction of graphene) and uniaxial tension along the y-direc-
tion (armchair direction of graphene).

In Fig. 5 all adsorption systems display brittle fracture
behaviors under biaxial and x-direction tension, as indicated by
the sharp drop in stress aer reaching the peak value, while
a certain degree of ductile fracture behavior is observed under y-
direction tension. The Gr/Al–H2 and Gr/Al–CO2 structures, both
of which maintain relatively good interfacial integrity, exhibit
similar stress–strain proles across all directions. Quantitative
analysis of the three adsorption systems reveals that under
biaxial tension, the ideal tensile strengths of the Gr/Al–H2, Gr/
Al–O2 and Gr/Al–CO2 interfaces are 42.72 N m−1 (3 = 0.14),
38.76 N m−1 (3 = 0.14) and 42.74 N m−1 (3 = 0.14), respectively,
with fracture strains of 0.18, 0.20 and 0.18. Under x-direction
tension, the strengths are 43.16 Nm−1 (3= 0.16), 39.72 Nm−1 (3
= 0.24) and 42.37 N m−1 (3 = 0.16), all with a fracture strain of
0.28. Under y-direction tension, the ideal strengths are 42.71 N
m−1 (3 = 0.20), 40.22 N m−1 (3 = 0.20) and 43.32 N m−1

(3 = 0.16), with fracture strains of 0.32 in each case.
Therefore, Gr/Al–CO2 adsorption structure exhibits the

highest calculated mechanical performance, with slightly
higher ideal strength and fracture strain than the Gr/Al–H2

interface. It should be noted, however, that the adsorption of
CO2 on Gr/Al is endothermic and thermodynamically unlikely to
and (g)–(i) Gr/Al–CO2 interfacial adsorption structures under tensile

RSC Adv., 2025, 15, 51198–51208 | 51203
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occur spontaneously; thus, this conguration represents an
idealized model. Nevertheless, this indicates that the physical
adsorption of CO2 molecules has the weakest inuence on the
mechanical integrity of the interface. In contrast, H2 adsorption
maintains a balance between interfacial integrity and tensile
strength. The Gr/Al–O2 interface exhibits the lowest ideal
strength under tension in all directions, indicating that
enhances interfacial bonding strength by disrupting the gra-
phene lattice leads to a deterioration in the mechanical
performance of the interface.
3.3 Strengthening mechanism analysis

3.3.1 Atomic-scale deformation behavior under tensile
loading. To elucidate the deformation mechanisms of the
interfacial adsorption structures at the atomic scale and to
understand of gas molecule adsorption on their stability and
mechanical performance, Fig. 6 presents the Gr/Al–H2, Gr/Al–O2

and Gr/Al–CO2 interfaces under xy-, x- and y-directions tension,
showing three stages: elastic (3 = 0.08), ultimate strength and
fracture.

In the Gr/Al–H2 system (Fig. 6(a)–(c)), two hydrogen atoms
remain symmetrically distributed at the center of the interface
along the diagonal direction of graphene. Elastic deformation is
mainly resisted by the Al substrate, where stress concentrations
near the aluminum layer of the interface. At 3 = 0.14 (ideal
Fig. 7 Charge density difference maps of the (a)–(c) Gr/Al–H2, (d)–(f) G
tensile loading along the xy-, x- and y-directions.

51204 | RSC Adv., 2025, 15, 51198–51208
strength), Al substrate becomes disordered, while the graphene
hexagonal lattice remains relatively intact. At 3 = 0.18, the gra-
phene hexagonal rings are severely destroyed, and the Al atoms
become fully disordered, resulting in interfacial failure. Under
x- and y-directions tension, the H2 molecule does not chemi-
cally interact with either Al or C atoms. Elastic deformation
occurs via Al layers displacement, and fracture is dominated by
C–C bonds breaking. These results indicate that H2 adsorption
does not disrupt the structural stability of the interface, thereby
contributing positively to the mechanical performance of the
Gr/Al structures.

For the Gr/Al–O2 interface (Fig. 6(d)–(f)), O2 molecule
exhibits strong interaction with the Gr/Al interface, as the O
atoms embed into the Al substrate. Elastic stage deformation
causes mild Al disorder and C–C distortion. At ultimate
strength, the graphene rings are signicantly distorted, and the
cooperative interaction among Al, O and C atoms at the inter-
face is enhanced. Upon fracture, the graphene lattice is
completely destroyed, and the interfacial spacing nearly
vanishes, indicating the formation of a strong interaction
region among Al, O and C atoms. This demonstrates that O2

adsorption increases binding energy but destabilizes the inter-
face, reducing tensile strength.

In the Gr/Al–CO2 system (Fig. 6(g)–(i)), adsorption behavior
of CO2 is similar to that of H2, characterized by weak interaction
r/Al–O2 and (g)–(i) Gr/Al–CO2 interfacial adsorption structures under

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with the interface. In the elastic stage, only slight displacements
occur in the Al atomic layer, and the interface remains largely
intact. At ultimate strength, the CO2 molecule dissociates,
breaking the linear O–C–O conguration: one O atom moves
away from the central C atom, while the other forms a weak
interaction with a C atom in the graphene layer. During frac-
ture, the graphene structure becomes signicantly damaged.
Partial molecular reconstruction minimally affects interfacial
distortion, resulting in the highest mechanical performance
among the three adsorption systems.

Overall, tensile deformation is dominated by Al substrate
distortion, while fracture originates from graphene failure.
Strong O2-interface coupling destabilizes both electronic and
mechanical properties, whereas H2 and CO2 maintain interfa-
cial stability and superior mechanical performance.

3.3.2 Electronic redistribution during tensile deformation.
Charge density difference (CDD) maps reveal how gas adsorp-
tion modies the electronic properties of the Gr/Al interface
under tensile deformation. Fig. 7 shows the CDD of Gr/Al–H2,
Gr/Al–O2 and Gr/Al–CO2 interface along xy-, x-, and y-directions,
corresponding to the atomic congurations in Fig. 6. The iso-
surface value is set to 0.005 e bohr−3, with cross-sectional sli-
ces parallel to the ab-plane of graphene. The yellow regions
indicate electron accumulation, and the blue regions electron
depletion. Analyzing of charge redistribution identies the
direction of charge transfer and bonding characteristics.

In the Gr/Al–H2 structure, electron accumulation occurs
around the H atoms, accompanied by electron depletion near
the Al and C atoms. This indicates that electrons transfer from
Al and C atoms to H atoms. The redistribution is delocalized,
Fig. 8 Density of states of the (a)–(c) Gr/Al–H2, (d)–(f) Gr/Al–O2 and (g
along the xy-, x- and y-directions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
with no strong covalent bonds forming, conrming van der
Waals adsorption. H2 adsorption exerts only a minor inuence
on the electronic properties of the interface.

The Gr/Al–O2 interface exhibits pronounced charge rear-
rangement, with accumulation near O and depletion near Al
atoms. Electrons migrate from Al to O atoms, leading to local
displacement and distortion of Al atoms. Simultaneous accu-
mulation near C atoms indicates disruption of graphene p-
bonds and weakened C–C bonds, destabilizing the interface
and reducing tensile strength.

For the Gr/Al–CO2 structure, the C atom in the CO2 molecule
loss electrons, while both O atoms show electron enrichment,
indicating charge polarization within the molecule upon
adsorption. Electron accumulation near graphene C atoms
slightly weakens s-band hybridization, modestly affecting
mechanical integrity.

As strain increases, C atoms in all systems undergo contin-
uous electronic redistribution. At fracture, the electron density
around the C atoms decreases signicantly, the degree of orbital
hybridization is further reduced, and the graphene lattice
becomes severely damaged, leading ultimately to and interfacial
failure. These results demonstrate that gas molecules adsorp-
tion regulates charge transfer and redistribution, which in turn
dictates the mechanical response of the interface.

3.3.3 Orbital hybridization as the determinant of strength
degradation. Density of states (DOS) analysis reveals how orbital
hybridization governs interfacial mechanical properties during
tensile deformation. Fig. 8 presents the DOS of the Gr/Al–H2, Gr/
Al–O2, and Gr/Al–CO2 interfaces at their ultimate tensile
strengths along xy-, x- and y-directions. Graphene (Gr),
)–(i) Gr/Al–CO2 interfacial adsorption structures under tensile loading

RSC Adv., 2025, 15, 51198–51208 | 51205

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08105j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/1
1/

20
26

 6
:1

5:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
adsorbed molecules (H2, O2 and CO2), interfacial Al layer (Al
interface) and the total DOS (total) are presented to analyze the
inuences of gas adsorption on the electronic properties.

For the Gr/Al–H2 interface, s orbitals of H atoms and Al
exhibit a weak resonance peak around −5 eV, suggesting slight
orbital hybridization. This weak interaction enhances the
interfacial binding energy without disturbing the electronic
structures, and no H–C orbitals coupling occurs, preserving
physisorption and mechanical stability.

For the Gr/Al–O2 interface, pronounced resonance peaks
appear near −5 eV due to the hybridization between the O-p
orbital and C-p/Al-p orbitals, indicating much stronger orbital
coupling compared with H2 adsorption. This hybridization
increases binding energy but induces structural distortion and
stress concentration, reducing ideal tensile strength.

For the Gr/Al–CO2 structure, a DOS peak appears near −5 eV
for CO2, but no resonance with Al or C orbitals is observed,
indicating negligible hybridization. Therefore, CO2 adsorption
minimally affects electronic structures, maintaining interfacial
stability and yielding the highest ideal strength.

Despite the potential for experimental probing via AFM
force-spectroscopy or nanoindentation, mechanical perfor-
mance of the interfacial adsorption structures depends not only
on the interaction strength between gas adsorbed molecules
and interfacial atoms but also on the structural integrity and
electronic characteristics of both graphene and the aluminum
substrate. O2 adsorption induces strong orbital hybridization
that disrupts structural integrity and reduces the ideal strength,
whereas H2 and CO2 adsorption cause signicant hybridization,
preserving structural stability and superior mechanical perfor-
mance. The inuence of gas adsorption on the mechanical
properties is closely correlated with orbital hybridization:
weaker hybridization results in smaller structural damage and
better mechanical performance.

4. Conclusions

Based on rst-principles calculations, this work investigates the
effects of H2, O2 and CO2 molecules adsorption on the elec-
tronic characteristics and in-plane mechanical performance of
the Gr/Al interface. The main conclusions are:

(1) Among the three adsorption systems, the O2-adsorbed Gr/
Al interface exhibits the highest binding energy and the small-
est interfacial spacing. Signicant orbital hybridization and
charge transfer occur during adsorption, which disrupt the
zero-band-gap characteristic of graphene and induce local
structural reconstruction. In contrast, H2 and CO2 molecules
adsorbed at the intermediate region of the Gr/Al interface
exhibit only weakly interactions with the substrate, without
forming evident covalent bonds. The band structure analysis
indicates that the intrinsic electronic properties of graphene are
well preserved, leading to higher structural stability.

(2) In-plane tensile simulations along the xy-, x- and y-
directions of the Gr(0001) plane are conducted and the calcu-
lated ideal strengths of the three adsorption structures follow
the order Gr/Al–CO2 > Gr/Al–H2 > Gr/Al–O2. The Gr/Al–CO2

structure shows the highest ideal strengths of 42.74 N m−1,
51206 | RSC Adv., 2025, 15, 51198–51208
42.37 N m−1 and 43.32 N m−1 along the xy-, x- and y-directions,
respectively. By comparison, the Gr/Al–O2 structure exhibits the
lowest strength in all directions, indicating that strong inter-
facial interactions enhance the binding energy but compromise
mechanical performance.

(3) During tensile deformation, the elastic response of the
interface is primarily dominated by the aluminummatrix, while
the graphene reinforcement contributes to structural stability.
The overall failure of the interface is attributed to the fracture of
the graphene layer. For the Gr/Al–O2 interface, strong interac-
tions between O2 molecules and Al atoms occur during elastic
deformation, resulting in atomic rearrangement in the Al
substrate and slight distortion of the C–C bonds near the O
atoms. At fracture, the graphene layer is completely destroyed,
the interfacial spacing approaches zero, and the Al–O–C
coupling is signicantly enhanced, leading to total interfacial
instability. For the Gr/Al–H2 and Gr/Al–CO2 structures, the
interaction between the adsorbed molecules and the interface
remains weak during deformation. Only minor atomic
displacements occur in the Al substrate, and the interface
structure maintains high structural integrity. Upon fracture, the
adsorbed molecules dissociate, accompanied by substantial
graphene damage.

(4) The orbital coupling between interfacial atoms is identi-
ed as the key factor governing mechanical properties. In the
Gr/Al–O2 interface, pronounced hybridization among the p
orbitals of O, Al and C atoms weakens the in-plane C–C covalent
bonds, reducing the mechanical strength. In the Gr/Al–H2

system, resonance occurs between the H-s and Al-s orbitals,
exerting a slightly inuence on interfacial strength. In contrast,
in the Gr/Al–CO2 interface, neither C nor O atoms from the CO2

molecule show signicant orbital hybridization with the inter-
facial Al or C atoms, thus maintaining the structural integrity
and yielding the highest ideal strength.

In summary, gas adsorption inuences both the electronic
and mechanical properties of the Gr/Al interface. Weak phys-
isorption is more favorable for preserving interface stability and
ideal strength. This study provides theoretical guidance for
understanding and optimizing the performance of graphene/
metal composites under complex gaseous environments.
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